Introduction
Adiponectin (Acrp30) [1] is a 30-M r adipose-derived factor that can directly affect glucose homeostasis and regulate peripheral insulin sensitivity [2] [3] [4] [5] . Injection of adiponectin into rodents has been shown to decrease resting blood glucose levels and protect animals with dietinduced obesity from developing insulin resistance [6] [7] [8] [9] . Treatment of isolated skeletal muscle or C 2 C 12 myocytes with adiponectin stimulates glucose transport [6, 10, 11] , suggesting that this may be one mechanism by which adiponectin acts to alleviate hyperglycaemia. However, very little is known about the molecular mechanism by which adiponectin stimulates glucose uptake.
Physiological stimuli, such as insulin and exercise, stimulate glucose uptake in skeletal muscle by mobilising GLUT4 to the plasma membrane [12] . These stimuli are known to utilise different signalling pathways to elicit glucose uptake. Insulin stimulates GLUT4 translocation via a phosphatidylinositol 3-kinase-dependent signalling pathway [13, 14] , whereas AMP kinase plays an important role in mediating the effect of exercise [15] . Insulin acts to divert a large proportion of the glucose that enters muscle towards glycogen synthesis. In fact, it has been reported that the synthesis of muscle glycogen accounts for the majority of whole-body glucose uptake and virtually all non-oxidative glucose metabolism in both normal and diabetic subjects [16] . Interestingly, the activation of AMP kinase increases glucose uptake in muscle cells and switches on catabolic pathways that generate ATP (e.g. fatty acid oxidation) while switching off cellular processes that consume ATP, specifically, biosynthetic pathways (e.g. glycogen synthesis) [15] . Therefore, if the function of AMP kinase is to monitor cellular energy status and adiponectin activates this kinase, one would expect the anabolic processes in the cell to be suppressed following adiponectin treatment. This would lead glucose to a metabolic fate distinct from that determined by insulin in the muscle cell.
Although it has been reported that adiponectin increases glucose uptake in skeletal muscle, apparently via activation of AMP kinase [6] , it remains to be determined whether adiponectin increases GLUT4 translocation in skeletal muscle. Additionally, very little is currently known about the metabolic fate of the extra glucose that enters the muscle cells after adiponectin treatment. In the present study we investigated the effects of globular adiponectin (gAd) on GLUT4 translocation, glucose uptake, glycogen synthesis, glucose oxidation, lactate production and fatty acid oxidation in muscle cells in culture. We also determined the effect of adiponectin on the phosphorylation of AMP kinase and acetyl-CoA carboxylase (ACC). Cell culture conditions for L6 myotubes For all experiments, L6 rat skeletal muscle cells were routinely grown in minimum essential medium alpha (α-MEM) supplemented with 10% (v/v) fetal bovine serum in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. For differentiation into myotubes, the cells were grown in medium containing 2% fetal bovine serum for 5-7 days. We employed cells transfected to stably overexpress GLUT4 harbouring a myc epitope on the first exofacial loop of the transporter (L6 GLUT4myc cells; a kind gift from A. Klip, The Hospital for Sick Children, Toronto, ON, Canada). This facilitated accurate quantitative analysis of GLUT4 translocation in intact cells [14, 17, 18] .
Materials and methods

Chemicals
Analysis of adiponectin receptor-1 expression by RT-PCR and western blotting Primers based on the putative nucleotide sequence for rat adiponectin receptor-1 (AdipoR1; a kind gift from M. Wheeler, University of Toronto) were used to investigate the expression of this receptor in L6 rat skeletal muscle cells. RNA was isolated from rat soleus muscle cells and L6 rat skeletal muscle cells using the Trizol reagent from Invitrogen (Burlington, ON, Canada). Reverse transcription was performed using the Enhanced Avian Reverse Transcriptase Kit from Sigma with 1 μg of total RNA and 1 U of reverse transcriptase according to the manufacturer's recommendations. The sequences of the forward and reverse primers were 5′-GGAAGATCTGCCAGATGTCTTCCCACAAAG-3′ and 5′-CGCGGATCCGAGGCTCAGAGAAGGGAGTCG-3′, respectively. Using these primers the length of the PCR product for AdipoR1 should be 1,128 bp. AdipoR1 cDNA was amplified for 35 cycles in a 50-μl reaction containing 1×PCR buffer (50 mmol/l KCl, 10 mmol/l Tris-HCl, pH 8.3), 200 μmol/l of each dNTP, 1.5 mmol/l MgCl 2 , 0.1 μmol/l forward and reverse primers and 1 U of JumpStart AccuTaq Polymerase (Sigma). The thermal cycling program was set to 94°C for 30 s, following a hybridisation step at 60°C for 30 s, and an elongation step at 72°C for 90 s. The resulting cDNA was evaluated by electrophoresis through a 1% agarose gel followed by ethidium bromide staining. Total membranes were prepared from L6 cells as previously described [19] and then analysed by Western blotting for the presence of AdipoR1. Western blotting was conducted as described below, in this case using a primary antibody (1:750 dilution; Alpha Diagnostic International, San Antonio, TX, USA) that specifically recognised AdipoR1 and a goat anti-rabbit secondary antibody (1:10,000 dilution; Cell Signaling Beverley, MA, USA).
Measurement of glucose uptake L6 myotubes were cultivated in 12-well plates and serum-starved for 4 h before being incubated with or without gAd (6-240 μmol/l, 2 h) and/or insulin (100 nmol/l, 20 min) or AICAR (1 mmol/l, 30 min). Myotubes were subsequently washed twice, and glucose transport was assayed in HEPES-buffered saline solution (140 mmol/l NaCl, 20 mmol/l HEPES-Na, 2.5 mmol/l MgSO 4 , 1 mmol/l CaCl 2 , 5 mmol/l KCl, pH 7.4) containing 10 μmol/l 2-deoxyglucose (18,500 Bq/ml 2-deoxy-D- [ 3 H]glucose) as described previously [17] . For kinetic measurements, cells were grown and differentiated in 96-well plates and volumes were adjusted accordingly. Glucose uptake was determined in HEPES-buffered saline solution containing 0.005-10 mmol/l 2-deoxyglucose (185 kBq/ml 2-deoxy-D- [ 3 H]glucose). The incubation medium was aspirated, then cells were washed with ice-cold saline and lysed with 1 ml of NaOH (0.05 mol/l). Cell lysates were transferred to scintillation vials for radioactivity counting. Non-specific uptake was determined in the presence of cytochalasin B (10 μmol/l) and was subtracted from all values. Apparent K m and V max values were calculated by the method of Eadie-Hoftsee as explained previously [20] . This analysis assumes that 2-deoxglucose transport displays simple hyperbolic kinetics.
Determination of cell surface GLUT4myc
The exofacial location of the myc epitope on GLUT4 in L6 GLUT4myc cells allows the analysis of cell surface GLUT4 in intact cells. Levels of GLUT4myc at the cell surface were measured by an antibody-coupled colorimetric assay as described previously [17, 21] . Briefly, L6 myotubes were cultivated in 24-well plates and serum-starved for 4 h before being incubated with or without gAd (60 μmol/l, equivalent to 1 μg/ml, 2 h) and/or insulin (100 nmol/l, 20 min) or AICAR (1 mmol/l, 30 min). Cells were then quickly washed in ice-cold PBS and incubated with an anti-c-myc antibody (1:200 dilution; A14; Santa Cruz Biotech, Santa Cruz, CA, USA) at 4°C for 60 min. Cells were washed and fixed in 3% paraformaldehyde for 3 min on ice. The fixative was neutralised by incubation in 10 mmol/l glycine in ice-cold PBS for 10 min. Cells were blocked in 10% goat serum and 3% BSA for 30 min, and then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1:1,000 dilution; Cell Signaling) at 4°C for 60 min. Cells were washed five times with icecold PBS and then incubated with OPD reagent (1 ml/ well) at room temperature for 30 min. The reaction was stopped by the addition of 0.25 ml of 3 mol/l HCl. The supernatant was collected and its absorbance at 492 nm was measured.
Measurement of lactate production L6 myotubes were starved of serum for 4 h and then incubated with or without gAd (60 μmol/l) and/or insulin (100 nmol/l) for 2 h. Following the incubation period, the media were collected for lactate determination. The total lactate released in the medium was measured as described previously [21] using the lactate oxidase assay kit from Sigma Diagnostics (St. Louis, MO, USA).
Measurement of glycogen synthesis Glycogen synthesis was assessed by measuring the incorporation of D-[U-
14 C] glucose into glycogen as described previously [21] . Briefly, following 4 h of serum starvation, L6 myotubes in 6-well plates were incubated for 2 h in medium containing 0.15 μCi/ml of D-[U-
14 C]glucose with or without gAd (60 μmol/ l) and/or insulin (100 nmol/l). Cells were then quickly washed in ice-cold PBS and lysed in 0.2 ml of KOH (1 mol/ l). Cell lysates were used for overnight glycogen precipitation with ethanol. Precipitated glycogen was dissolved in water and transferred to scintillation vials for radioactivity counting. An aliquot of the cell lysates was used for protein determination. tion) were complexed with defatted BSA at a ratio of 2.5:1. A piece of Whatman paper wet with 100 μl of phenylethylamine/methanol (1:1) was taped onto the inside of each petri dish to trap the CO 2 produced during the incubation period, and parafilm was used to seal the dishes. After a 2-h incubation period, 200 μl of H 2 SO 4 (4 mol/l) was added to the cells, which were then further incubated for 1 h at 37°C. Finally, the seal was removed from each petri dish and the pieces of Whatman paper were carefully transferred to scintillation vials for radioactivity counting.
Conversion of D-[U-
Western blot determination of AMP kinase and ACC phosphorylation L6 myotubes were grown in 6-well plates and serum-starved for 4 h. An aliquot of the cell lysates was used to determine the protein concentration in each sample. Prior to loading onto SDS-PAGE gels, the samples were diluted 1:1 (v/v) with 2× Laemmli sample buffer. The buffer consisted of 62.5 Statistical analysis Statistical analyses were performed by one-way ANOVA with either Tukey-Kramer or Bonferroni post hoc tests. A p value less than 0.05 was considered significant.
Results
Adiponectin receptor in L6 muscle cells RT-PCR analysis
showed a product matching the expected size of 1,128 bp, indicating that AdipoR1 mRNA is present in both rat soleus muscle cells and L6 rat skeletal muscle cells (Fig. 1a) . Expression of the AdipoR1 protein was confirmed by Western blotting total membrane samples from L6 cells with an AdipoR1-specific antibody (Fig. 1b) .
Glucose uptake and cell surface GLUT4myc content The effect of a range of gAd concentrations on glucose uptake was tested; a significant increase in basal and insulinstimulated glucose uptake was elicited by gAd at concentrations of 30 μmol/l and higher (Fig. 2) . Importantly, as shown in Table 1 , gAd increased glucose uptake by al- tering the V max and had no effect on the K m . AICAR is used experimentally to stimulate AMP kinase as it readily enters cells and is subsequently phosphorylated to the monophosphate form (ZMP) which mimics the effect of AMP on the AMP kinase cascade [22] . AICAR increased glucose uptake (∼1.8-fold), but the combination of gAd and AICAR did not cause any increase in glucose uptake above their respective individual effects (Fig. 3a) . In contrast, when used in combination with insulin, gAd exerted an additive effect, increasing the magnitude of insulin-stimulated glucose uptake by ∼27% (Fig. 3a) . Analysis of the GLUT4myc content in the plasma membrane produced similar results to those obtained for glucose uptake. The GLUT4myc content was significantly increased by insulin (∼2.3-fold), gAd (∼1.4-fold) and AICAR (∼1.6-fold), and gAd had an additive effect in combination with insulin, increasing the cell surface GLUT4myc content by ∼22% above that observed on stimulation with insulin alone (Fig. 3b) .
Glycogen synthesis and lactate production The incorporation of D-[U-
14 C]glucose into glycogen was significantly increased in the presence of insulin (∼2-fold). Interestingly, gAd significantly reduced both the basal and the insulin-stimulated rates of D-[U-
14 C]glucose incorporation into glycogen by ∼28 and 60%, respectively (Fig. 4a) . The production of lactate was significantly increased by insulin (∼30%) and gAd (∼40%) (Fig. 4b) . Furthermore, gAd exerted a significant additive effect, increasing the insulinstimulated rate of lactate production in L6 myotubes by ∼48% (Fig. 4b) .
Oxidation of glucose and oleate In the presence of insulin, the production of 14 CO 2 from D-[U- 14 C]glucose was significantly increased by ∼35% (Fig. 5) . Incubation of L6 myotubes with AICAR and gAd did not affect the basal or insulin-stimulated rates of 14 
CO 2 production from D-[U-
14 C]glucose (Fig. 5) , whereas both significantly increased (∼1.7-fold) the basal rates of 14 CO 2 production from [1- (Fig. 6 ).
AMP kinase and ACC phosphorylation In the presence of gAd or AICAR, the phosphorylation of AMP kinase was significantly increased by ∼2-fold; the combination of gAd and AICAR did not cause any additional effects (Fig. 7a) . Both gAd and AICAR also caused a significant increase (∼2-fold) in the phosphorylation of ACC (Fig. 7b) , a wellcharacterised substrate of AMP kinase, confirming that phosphorylation of AMP kinase led to the activation of its kinase activity.
Discussion
Adiponectin circulates in plasma in various forms, including trimeric, hexameric and higher order complexes [23] . A cleaved fragment containing the globular head group of adiponectin (gAd) has also been found circulating in human plasma [9] , and the physiological importance of this fragment has been highlighted by recent studies reporting the correction of diabetes and insulin resistance in transgenic ob/ob mice expressing gAd [7] . Each of the circulating forms of adiponectin appears to mediate distinct, often tissue-specific, metabolic effects. The recent identification of two receptors for adiponectin [6] , AdipoR1 and AdipoR2, has provided a possible mechanism by which cleavage of the full-length protein to liberate the globular domain may control the physiological function of adiponectin. Of the two receptors, AdipoR1, which is predominantly expressed in skeletal muscle, exhibits a higher affinity for gAd [6] . Indeed, injection of recombinant protein representing the globular domain has been demon- strated to cause a rapid increase in muscle NEFA oxidation and to prevent diet-induced obesity without an alteration in food intake [9] . However, in contrast to muscle, liver cells predominantly express AdipoR2 and appear to respond only to the full-length protein [6] . In the present study we used two approaches to demonstrate that L6 rat skeletal muscle cells express AdipoR1 mRNA and protein. We subsequently investigated the effects of gAd on glucose uptake and metabolism in these cells. Consistent with previous observations in rat skeletal muscle and C 2 C 12 myocytes [6, 10, 11] , gAd increased glucose uptake in L6 myotubes. Importantly, we have demonstrated that gAd increases glucose uptake by increasing the cell surface content of GLUT4myc. To our knowledge, this is the first time that adiponectin has been shown to elicit GLUT4 translocation. This observation is in line with our data indicating that gAd increases the transport V max for glucose without altering the K m . Previous studies have suggested that adiponectin regulates glucose uptake via an AMP kinase-dependent mechanism [6, 10] . AMP kinase activation by AICAR has been shown to increase glucose uptake via [24, 25] , or independently of [26] GLUT translocation. In our studies, the fact that gAd had an additive effect on insulin-stimulated glucose uptake suggests that they may act via different mechanisms. Furthermore, the combination of gAd and AICAR did not have an additive effect on glucose uptake, GLUT4myc translocation, or AMP kinase or ACC phosphorylation, suggesting that gAd increases GLUT4 translocation and glucose uptake via an insulin-independent mechanism involving AMP kinase.
Previous studies have reported that adiponectin increases glucose uptake in muscle cells [6, 10, 11] and fat cells [27] , but few have examined the subsequent metabolism of glucose. Potential pathways of glucose metabolism in muscle cells include glycogen synthesis, glucose oxidation and lactate production [28] . In the present study, adiponectin increased glucose uptake, but reduced the basal and insulin-stimulated rates of glycogen synthesis in muscle cells. Given that a previous study reported that full-length adiponectin had no effect on whole-body glucose uptake or glycogen synthesis [29] , this indicates that gAd specifically mediates these processes via AdipoR1 in skeletal muscle. The observed reduction in glycogen synthesis was accompanied by a proportional increase in lactate production. A study using C 2 C 12 cells also recently reported a small increase in lactate production in response to gAd [6] . The increased glycolytic flux stimulated by adiponectin did not alter the oxidation of glucose, suggesting that the production of lactate became the main metabolic pathway by which glucose was processed in adiponectin-treated muscle. Typically, lactate produced by skeletal muscle promptly diffuses into the circulation and may be used as a substrate for glycogen synthesis in the liver or for oxidation in the heart. However, to date, no studies have examined the effect of adiponectin treatment on plasma lactate levels.
The signalling pathways regulated by adiponectin are only just beginning to be characterised. Current evidence suggests that many effects of this molecule are mediated via AMP kinase and that this kinase plays a central role in mediating the metabolic effects of adiponectin [6, 30] . AMP kinase is a multisubstrate heterotrimer that contains a catalytic α-subunit and two regulatory (β and γ) subunits which play an important role in determining substrate specificity and protein stability [15] . AMP kinase is allosterically activated by increases in the ratio of AMP : ATP or creatine : phosphocreatine, and by phosphorylation on Thr-172. It regulates a series of responses that act to restore energy balance in cells, switching off ATP-consuming pathways and switching on ATP-generating pathways which, as shown here, include increased glucose uptake and fatty acid oxidation in muscle. Recent studies have identified an interaction between AMP kinase activity and glycogen content in cells. It has been reported that AMP kinase can directly phosphorylate and inactivate glycogen synthase in vitro [31] . It has also been demonstrated that the β-subunit of AMP kinase contains a motif that can bind glycogen [32, 33] , and increased glycogen binding is correlated with decreased AMP kinase activation in response to AICAR [34] . These data suggest that AMP kinase activation promotes depletion of cellular glycogen stores, and this is consistent with our results showing that adiponectin activates AMP kinase and reduces glycogen synthesis in L6 rat skeletal muscle cells.
The accumulation of lipid in muscle and other tissues has been linked to the development of insulin resistance [35] . Previous work has shown that adiponectin increases fat oxidation in muscle and liver, and that AMP kinase appears to play a central role in the regulation of lipid metabolism by adiponectin [6, 9, 10] . The transport of fat into mitochondria via the carnitine palmitoyl transferase 1 (CPT-1) transporter is required for oxidation to occur and this process is inhibited by malonyl CoA [10, 36] . It has been suggested that the insulin-sensitising effects of adiponectin may be due to a decrease in malonyl CoA levels and increased fat oxidation [36] . In the present study we have demonstrated that adiponectin increases fatty acid oxidation in L6 cells, and this is likely to be associated with enhanced insulin sensitivity. We have also shown that gAd increases the phosphorylation of, and thus inactivates ACC. This would be expected to decrease malonyl CoA levels, thereby reversing the inhibition of CPT-1 and increasing fat transport into mitochondria [37] . Indeed, the increased phosphorylation of ACC was observed to coincide with an increased rate of fatty acid oxidation in our study.
In summary, we have shown that gAd increases glucose uptake, GLUT4myc translocation, fatty acid oxidation and lactate production, and decreases basal and insulinstimulated rates of glycogen synthesis. These metabolic effects observed are consistent with the phosphorylation and activation of AMP kinase and the inhibition of ACC. This study is the first to address the changes that occur in glucose metabolism following the gAd-stimulated increase in glucose uptake and fatty acid metabolism in L6 rat skeletal muscle cells.
